Background: Stiffness after total knee arthroplasty (TKA) is often treated with manipulation under anesthesia (MUA) to improve range of motion (ROM). However, many authors recommend against MUA beyond 3 months after TKA. This study investigates the timing of MUA for stiffness after TKA, focusing on MUA performed at >12 weeks. Methods: In total, 142 MUAs were retrospectively reviewed. "Early" MUAs were at <12 weeks after TKA; "Late" MUAs were >12 weeks. MUAs were further subdivided into 4 groups: 83 "Group I" cases at <12 weeks, 34 "Group II" between 12 and 26 weeks, 12 "Group III" between 26 and 52 weeks, and 13 "Group IV" at >52 weeks. Gains in ROM were compared between groups. Results: Gains in flexion and overall ROM were statistically equivalent in Early vs Late MUA when controlling for pre-MUA ROM. ROM gains between the early Group I and the later Groups II-IV were also statistically comparable. Overall ROM gain in Group I was 24.1 ,17.9 in Group II, 20.8 in Group III, and 11.1 in Group IV. There were no significant complications. Conclusions: Early and late MUA resulted in statistically equivalent gains in ROM, regardless of timing after TKA. All groups showed an average improvement in ROM of !11 . MUA performed beyond 3 months, and even beyond 1 year, appears to be safe and may improve ROM and allow select patients to avoid revision surgery.
Introduction
Total knee arthroplasty (TKA) is highly effective and reliable at relieving debilitating pain and dysfunction from end-stage degenerative joint disease of the knee [1] . However, up to 20%-60% of patients have been reported to develop postoperative knee stiffness of unclear etiology that can drastically reduce range of motion (ROM) and compromise functional outcomes [2] [3] [4] [5] [6] [7] . Soft tissue balance and bony resection during surgery, the design and placement of arthroplasty implants, postoperative rehabilitation protocols, and multimodal pain management can all contribute to postoperative ROM. The role and effect of each of these factors continues to be debated in the literature.
Treatment options for knee stiffness following TKA include physical therapy, arthroscopic vs open resection of scar tissue, revision of TKA components, and manipulation under anesthesia (MUA). Additionally, in a systematic review, Fitzsimmons et al [8] found that multiple authors recommend arthroscopic lysis of adhesions along with MUA to improve ROM. Several studies have shown MUA to be a safe and effective method to improve long-term ROM and prevent additional surgery [9, 10] . Nevertheless, there is ongoing debate in the literature concerning the indications, timing, and expected outcomes for MUA. Some studies have found MUA to be most effective when performed "early" (<3 months after TKA), while others have shown no difference in outcome whether MUA is performed "early" or "late" (>3 months following TKA) [7, 8, 11, 12] .
Most discussion of "late" manipulation in the literature is during the time frame of 3-6 months post-TKA, but there are very little data concerning MUA performed beyond 6 months after TKA. This uncertainty and deficiency in the literature makes it difficult for surgeons to develop a reliable algorithm for how to best treat a patient with a stiff TKA, particularly if they are greater than 6 months after TKA. In practice, this could mean unnecessarily subjecting patients to the morbidity and risks of additional surgery, or withholding potentially effective treatment like MUA while patients suffer with limited ROM and functional disability. As such, further investigation is needed to elucidate the outcomes of MUA performed in a time period later than is generally considered plausible.
In this context, we investigated the ROM and clinical outcomes of MUA for stiff TKA performed at our institution. We hypothesized that (1) distant MUA (performed >52 weeks status post index primary TKA) significantly improves knee ROM (defined as >10 ) and (2) late MUA (performed >12 weeks post-TKA) is as effective as early MUA (performed 12 weeks post-TKA).
Material and methods
After obtaining Institutional Review Board approval, we retrospectively identified all patients who underwent MUA of their primary TKA performed by one of the 6 fellowship-trained adult reconstruction specialists at a high-volume orthopaedics-only institution from January 2004 to April 2016. Of the 271 manipulations identified in our database, 142 were eligible for inclusion in this study. The inclusion criteria were cases with complete followup data recorded a minimum of 12 weeks after manipulation. The remaining 129 cases were excluded due to lack of adequate followup data. Of the 142 MUA cases included, 46 were performed in men and 96 in women, with a mean age of 63.4 years (range 46-84). All 142 patients had undergone primary TKA via standard medial parapatellar approach. One patient had rheumatoid arthritis, while the remaining 141 patients had end-stage osteoarthritis. See Table 1 for complete demographic data.
Overall average follow-up time post-MUA was 52.0 weeks (range 12-262). Of note, 35 of the 142 cases analyzed underwent a second manipulation within 12 weeks after their original manipulation due to insufficient improvement in ROM after their first MUA. These 35 cases were included in the study as they are indicators of poor outcomes after MUA, and excluding them would have biased our results toward a more favorable outcome. For patients who had multiple MUAs, data for only their first MUA were included, and subsequent manipulations were excluded. For patients who had manipulations performed on both the left and right knee, each manipulation was recorded as a separate case.
All available medical records were reviewed, including admission history and physical examinations, operative reports, discharge reports, and outpatient clinic notes. The primary outcomes measured were (1) knee ROM (extension, flexion, and total, at preoperative, intraoperative, and postoperative time points) and (2) the timing post-TKA of the MUA. Secondary outcome measures analyzed included age, sex, height, weight, body mass index (BMI), and primary diagnosis.
Data on other perioperative variables were also gathered; however, these were not felt to be significant contributors and were not included in the final analysis. These variables included operative side, history of knee surgery prior to TKA, history of infection or trauma, history of chronic pain or opioid use, prosthesis type, surgeon, and complications such as wound issues, infection, venous thromboembolism, or medical issues (such as postoperative intensive care unit stay, myocardial infarction, stroke, etc.).
Knee stiffness can be the result of myriad causes, with some being more easily remedied than others. It is imperative that the surgeon fully evaluate the stiff knee and properly identify the cause so that appropriate treatment can be administered. Differentiating the stiff painful knee from the stiff painless knee can be particularly helpful. Causes of stiffness include infection, disorders of the hip, spine, or central nervous system, reflex sympathetic dystrophy, heterotopic ossification, arthrofibrosis, posterior cruciate ligament tightness, and technical causes such as incomplete removal of posterior femoral osteophytes [13, 14] . The decision to proceed with MUA was made through shared decision-making with the patient when they were not satisfied with their ROM or they were losing ROM despite appropriate trial of physical therapy. Contraindications for MUA included any active wound or skin problems, active infection, component malalignment or failure, or being a poor medical candidate to undergo anesthesia. Manipulations were performed under anesthesia with full muscle relaxation following standard technique described by Fox and Poss in 1981 [15] . Alternatively, the leg may be allowed to fall from full extension into flexion. This maneuver is repeated several times: the weight of the limb itself is used to disrupt adhesions [14, 16] . The variation in technique was based on surgeon preference; there was no observed difference in outcomes between the 2 techniques. All patients followed a routine post-manipulation rehabilitation protocol that included ice, analgesia, full weight bearing, and aggressive physical therapy.
Manipulations were categorized according to when they were performed after their index arthroplasty procedure. In keeping with prior studies, all MUAs performed within 12 weeks were considered "Early" and those performed after 12 weeks were considered "Late." We further substratified all patients into the following 4 groups for analysis: "Group I" manipulations were performed within 12 weeks, "Group II" between 12 and 26 weeks, "Group III" between 26 and 52 weeks, and "Group IV" performed at greater than 52 weeks (ie, distant MUA). Final ROM and net gain in ROM were compared between these 4 groups.
Post-MUA flexion and extension were measured during followup office visits, at least 12 weeks out from the MUA. A negative value for extension ROM indicates that the knee had a flexion contracture and was not able to fully extend. Total ROM was calculated by adding the flexion and extension ROM. Gain in flexion was calculated by subtracting the pre-MUA flexion from the post-MUA flexion. Similarly, gain in total ROM was calculated by subtracting the pre-MUA total ROM from the post-MUA total ROM.
Patients were generally seen in follow-up clinic at 4 weeks, 6 months, 1 year, and then yearly afterward. The clinical data from the 1-year follow-up were most frequently used for analysis in this study, as this time point was felt to provide an accurate assessment of the success of the MUA based on the patient's ROM and functional status [7] . When the 1-year follow-up data were not available, we used the data closest to the 1-year time point, again with a minimum of 12 weeks out from the MUA. Statistical analysis was performed by a biostatistician using SAS software. In all analyses, a P-value of <.05 was considered significant. To assess the significance in differences between Early and Late groups, we used t-test for normally distributed continuous variables, Wilcoxon signed-rank test using the NPAR1WAY procedure for abnormally distributed continuous variables, and chi-squared and Fisher's exact tests for categorical variables. To evaluate changes in ROM between the Early vs Late groups, as well as between the substratified groups I-IV, we used a multivariable regression model via the REG procedure, with the Early group (or Group 1) as our reference group. This model adjusted for age, gender, height, weight, BMI, mean pre-TKA total ROM, and mean pre-MUA total ROM via both individual prediction and backward selection.
An initial power analysis was performed based on prior literature, and a sample size of 50 patients was likely to be adequate (25 patients having an MUA at <12 weeks and 25 at >12 weeks). This was performed using ClinCalc.com (http://clincalc.com/Stats/ SampleSize.aspx). This was calculated under an assumption from prior literature that post-MUA mean ROM can be expected to bẽ 120 ± 15 , with an anticipated 10% difference in the late MUA group, as well as enrollment ratio of 1, alpha level 0.05, beta 0.2, and power 0.8. We also performed additional a priori retrospective power analyses to see if we could find differences between the 2 groups based on timing of their MUA. Although the utility of a retrospective power analysis is often regarded as uncertain, we used 2-sample t-test to compare the 2 group model (Early vs Late), and Ftest for one-way analysis of variance to compare the 4 group model (Groups I-IV), and found a power of 0.471 and 0.415, respectively.
Results
Of the 142 MUA cases eligible for our study, 83 were performed Early (mean 7.1 weeks, range 0.9-11.7) and 59 were performed Late (mean 38.1 weeks, range 12.1-278.1). The substratified groupings yielded 83 Group I manipulations, 34 Group II manipulations, 12 Group III manipulations, and 13 Group IV manipulations. All patients in the Early and Late manipulation groups had similar premanipulation demographics with respect to age, sex, height, weight, BMI, and primary diagnosis. However, the Late group had significantly higher total ROM both prior to their index arthroplasty (pre-TKA total ROM) and prior to their manipulation (pre-MUA total ROM) as compared to the early group (P < .0001). Table 1 summarizes the patient demographic characteristics.
The mean gain in total ROM among all patients from all MUA time points was 21.2 (range À80 to 80 , where a negative value represents a loss of ROM). The mean gain in total ROM within the 83 Early group patients was 24.1 (range À80 to 80 ) compared to 17.0 (range À15 to 45 ) within the 59 Late group patients (P ¼ .93). The mean gain in flexion within the Early group patients was 22.1 , compared to 15.4 within the late group patients (P ¼ .99). When controlling for all variables in our regression model, including pre-MUA ROM, no significant difference was found in mean gain in total ROM (P ¼ .93) and mean gain in flexion (P ¼ .99) between the Early vs Late groups. This indicates that Early vs Late MUA resulted in comparable gains in flexion and total ROM, and that both groups showed significant improvement in ROM of at least 11 (Table 2) .
Further analysis of the 4 substratified groups demonstrated a gain in total ROM of 24.1 in Group I (range À80 to 80 ), 17.9 in Group II (range À15 to 40 , P ¼ .88), 20.8 in Group III (range 0 -40 , P ¼ .54), and 11.1 in Group IV (range À7 to 25 , P ¼ .57) ( Table 3 ). Mean gain in flexion was 22.1 in Group I (range À100 to 80 ), 16.2 in Group II (range À20 to 45 , P ¼ .92), 20.8 in Group III (range 0 -40 , P ¼ .58), and 10.7 in the distant group, Group IV (range À7 to 25 , P ¼ .69). This again shows that early vs later MUA resulted in comparable gains in ROM, no matter how distant the late MUA was performed, and that all groups showed significant improvement in ROM of at least 11 (Table 3) .
Twenty-six of 83 Early group (31.0%) and 9 of 59 Late group patients (15.3%) went on to have multiple MUAs. The recommendation for repeat MUA is reserved for patients who gained motion from prior MUA with subsequent loss, and is not intended to attempt increased ROM beyond what was achieved from prior MUA. Only data related to their first manipulation were included in our analysis; the post-MUA outcomes for the second and/or subsequent MUAs were not included in our statistical analysis. Table 4 summarizes the demographics and outcomes for these repeat MUA patients. The complications in the 83 Early group patients were the following: 1 partial wound dehiscence during the MUA that healed without further issue, 1 revision TKA 8 months after MUA, 1 deep vein thrombosis 10 months after MUA, and 1 deep infection 3 years after TKA. Complications among the 59 Late group patients were the following: 2 deep infections at 7 and 11 months after MUA, 1 arthroscopic lysis of adhesions 14 months after MUA, and 1 revision TKA 3 years after MUA. There were no other complications in either groups, including periprosthetic fracture, ligament damage, or rupture of the extensor mechanism.
To assist in the interpretation and clinical application of our findings, we have presented in a bar graph the percentage of patients in each MUA analysis group according to the degree of their overall change in ROM: no change or worsening of their total ROM ( 0 ), improved ROM !10 , improved ROM !20 , or improved ROM !30 (Fig. 1 ). Furthermore, we graphed the data of overall gain in ROM according to the timing of MUA with a scatter plot and logarithmic regression line (Fig. 2) .
Discussion
TKA remains a tremendously effective intervention to alleviate pain and improve function in patients with end-stage degenerative joint disease of the knee [1] . However, the potential adverse outcome of arthrofibrosis continues to challenge and frustrate both patients and surgeons. Several factors may play a role in developing unsatisfactory ROM after TKA, including design of the prosthetic implants, surgical techniques and soft tissue balance, patient factors including preoperative ROM or prior surgery, patient motivation and effort in postoperative rehabilitation, or postoperative complications such as hematoma or infection [2, [17] [18] [19] [20] [21] [22] . It is well accepted that a minimum ROM of~90 must be attained to perform basic activities of daily living, with 1 study reporting that knee flexion of 83 , 93 , and 106 is necessary for climbing stairs, sitting, and tying a shoelace, respectively [23] . As such we believe that all nonoperative treatments to attain these baseline ROM goals should be considered before proceeding with more invasive revision surgery where the benefits may be modest and the risks of complication substantial [24] [25] [26] [27] [28] .
When conservative measures fail to improve stiffness following TKA, MUA is the next noninvasive treatment option generally considered [8, 9, [28] [29] [30] . Although MUA is generally very safe, it is not completely benign, with potential risks of the procedure including periprosthetic fracture, wound complications, hemarthrosis, avulsion of the patella tendon, myositis ossificans, supracondylar femur fracture, or medical complications [8, 15, 29, 31] .
Optimal timing for MUA has been debated in the literature for years. It is frequently presumed that MUA is most successful only when performed within 3 months of index TKA and should not be performed beyond then [5, 7, 8, 28, 29, 31] . Issa et al [7] reviewed 144 MUAs and reported that early manipulations had significantly higher gain in flexion (36.5 vs 17 ), final ROM (119 vs 95 ), and Knee Society objective and function scores than late manipulations. They also reported that 15 patients who underwent MUA after 26 weeks post-TKA had unsatisfactory clinical outcomes with gain in ROM of 12 (range 5 -20 ) . This is similar to our findings with 13 patients who underwent much later "distant" manipulation (Group IV, >52 weeks) and had an overall increased ROM of 11.1 (range À7 to 25 ). However, our 12 patients who underwent "late" MUA at 26-52 weeks had better overall gains in ROM of 20.8 (range 0 -40 ), as compared to Issa et al.
Three systematic reviews by Ghani et al [28] , Fitzsimmons et al [8] , and Pivec et al [29] reported similar results to Issa et al [7] , with mean gain in flexion of nearly 30 (range 22 -42 , P > .01), and better results with early manipulation. In a more recent systematic review, Gu et al [32] found that the best results following MUA occurred between 4 and 12 weeks postoperatively. Yercan et al [5] reported mean gain in flexion arc of 47 , and early MUA produced significantly better final ROM than MUA after 3 months (121 ± 11 vs 112 ± 16 ; P ¼ .021). This contrasts with our study in that our gain of flexion in our early group was comparatively modest at 22.1 (range À80 to 80 ). Moreover, the final flexion and overall ROM in our 83 Early group patients (97.7 and 95.6 , respectively) was less than our composite 59 Late group patients (103.9 and 102.6 , respectively). This held true for all the subgroups, with the early Group I MUA patients having lower final flexion and ROM than the later Groups II-IV. Although the early MUA Group I showed higher gains in ROM compared to each of the 3 later Groups II-IV, when pre-MUA ROM was controlled for, there were no significant difference in gains in ROM. This may be expected because Group I had lower ROM before their index TKA as well as before their MUA than the later subgroups, giving Group I a greater range for potential gains in ROM. However, it should be noted that there could be clinical significance for the final ROM achieved by the early group as it did not achieve that expected to be adequate for all basic activities of daily living [23] . Our encouraging findings for patients who underwent MUA greater than 3 months after TKA, or even greater than 1 year from TKA, are consistent with several other studies that also reported equivalent results when MUA was performed after 3 months from index TKA [4, [10] [11] [12] 33] . As shown, after controlling for pre-MUA ROM and the other variables per our regression model, we found no significant difference in either flexion gains or total ROM gains when comparing each of the 3 late groups to the early Group I. Total ROM gain P-values were .88 for Group II, .54 for Group III, and .57 for Group IV. Flexion gain P-values were .92 for Group II, .58 for Group III, and .69 for Group IV. This shows that Early vs Late MUA resulted in comparable gains in ROM, no matter how distant the late MUA was performed, and that all groups showed significant improvement in ROM of at least 10 ( Table 3 ). The results of this study suggest that late MUA is a safe and effective treatment option without additional interventions such as open or arthroscopic lysis of adhesions; this is important because open or arthroscopic lysis of adhesions can potentially create additional scar tissue as a result of further trauma to the joint, resulting in even more stiffness.
We have presented these data in a unique format in Figure 1 to aid in clinical decision-making and patient counseling. For example, using the data demonstrated in Figure 1 a provider can surmise that 69% of patients who underwent MUA at greater than a year (Group IV, greater than 52 weeks) after TKA achieved an improvement in their overall ROM of 10 -20 , or that 92% of patients who underwent MUA in the range of 6-12 months (Group III, 26-52 weeks) achieved an improvement in their overall ROM of 10 -20 . Interestingly, there was a small percentage of patients in each grouping who experienced no change or worse ROM ( 0 ) following MUA. It is important to understand that ROM after TKA is multifactorial, and is influenced by surgical technique, patient motivation, and the biology of healing. The surgeon has control over surgical technique. The patient has control over his or her motivation to participate in physical therapy. Neither the surgeon nor the patient has control over the biology of healing and the degree to which scar tissue forms. The variability in patient motivation and biology of healing confounds interpretation of these data. Decision-making remains individualized and results are unpredictable, that is, a bell shaped curve. Such interpretation of our data, and similar interpretation of future studies with larger sample size, may guide surgeons in their clinical decision-making.
There are several limitations to this study, including those inherent to being a retrospective review from a single institution. Additionally, given that our study aggregated the data of 6 surgeons with different practice patterns, we acknowledge that the incidence of and timing of MUA is influenced by the individual surgeon's threshold for recommending and performing MUA. Our sample size is larger than most reports in the literature and seemed adequate from our power analysis; however, a larger sample size might find associations with the variables we excluded from our final analysis. As noted previously, these data that were gathered but not included in the analysis were operative side, history of knee surgery prior to TKA, history of infection or trauma, history of chronic pain or opioid use, prosthesis type, surgeon, and any complications including wound issues, infection, venous thromboembolism, or medical issues (such as postoperative intensive care unit stay, myocardial infarction, stroke, etc.). Moreover, a larger sample size, particularly with MUAs performed greater than 6 months and greater than 1 year following TKA, may better delineate the overarching effect of timing of MUA on overall ROM gained. Our logarithmic regression in Figure 2 suggests that there may be an initial decrease in efficacy after the first 2 months, but there may be a relatively modest but still clinically relevant and worthwhile improvement when MUA is performed at times very distant from a TKA. We also did not include Knee Society Score or other patientreported outcome measures, as these were not consistently available in the medical record.
Future prospective studies with larger sample size, particularly including patients who undergo MUA at time points later than typically considered to be effective, may further elucidate the efficacy of MUA of stiff TKA performed greater than 6 months or even greater than 1 year after TKA.
Conclusions
Stiffness after TKA remains a challenging problem for surgeons and patients. MUA is a relatively safe and reliable option to improve ROM and potentially avoid more invasive revision surgery. However, the optimal and acceptable timing to attempt manipulation has continued to be uncertain in the literature. Although we subjectively agree with many authors that feel early manipulation within 3 months after TKA may provide better results than later manipulation, the results of this paper demonstrate that MUA performed beyond 3 months, and even beyond 1 year, may still be safe and effective. As such, we recommend surgeons consider employing MUA in select patients who present with inadequate ROM beyond 3 months or longer after their index TKA, as this may improve ROM to within an acceptable clinical range and avoid the risks and morbidity of revision surgery.
